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A quantum spin liquid with a Z2 topological order has long been thought to be important for
the application of quantum computing and may be related to high-temperature superconductivity
[1–3]. While a two-dimensional kagome antiferromagnet may host such a state, strong experimental
evidences are still lacking [4–9]. Here we show that the spin excitations from the kagome planes in
magnetically ordered Cu4(OD)6FBr and non-magnetically ordered Cu3Zn(OD)6FBr are similarly
gapped although the content of inter-kagome-layer Cu2+ ions changes dramatically. This suggests
that the spin triplet gap and continuum of the intrinsic kagome antiferromagnet are robust against
the interlayer magnetic impurities. Our results show that the ground state of Cu3Zn(OD)6FBr is a
gapped quantum spin liquid with Z2 topological order.
PACS numbers:
A quantum spin liquid (QSL) is an unconventional
symmetric state of matter that is characterized by highly
entangled quantum states and fractional quantum num-
bers [10, 11]. However, these properties are not subjected
to direct experimental probes which usually are coupled
to local order parameters, therefore experimental identifi-
cation of QSL is difficult. It is typically believed that the
lack of magnetic ordering at low temperature is a hint of
a QSL state, but this is certainly not a necessary condi-
tion [12–15]. In fact, even the presence of magnetic order
may not prevent the QSL physics [16, 17]. Among vari-
ous classes of QSLs, the one with Z2 topological order is
relatively easier to be identified since one may be satisfied
as far as no symmetry breaking and gapped spin excita-
tion continuum are observed [11]. Theoretically, the Z2
topological ordered QSL is originated from the idea that
the low-energy physics of the spin system can be under-
stood as fractionalized elementary excitations subject to
effective Z2 gauge theory [2].
Herbersmithite, ZnCu3(OH)6Cl2, is one of the most
promising candidates for a Z2 topologically ordered QSL
[18]. Its crystal structure consists of layered kagome
Cu2+ ions with spin 1/2 [19]. Earlier measurements sug-
gested that it is a gapless system [20, 21], but it is found
that the low-temperature and low-energy results are sig-
nificantly affected by a few amount of residual Cu on Zn
sites as spin impurities [22]. Later, both nuclear mag-
netic resonance (NMR) and inelastic neutron scattering
(INS) measurements suggest the existence of a spin gap
[23, 24], but the gap values are not consistent and some
of the analysis contain certain degree of arbitrariness,
casting doubts on the factuality of the spin gap and its
value.
The recent discovery of a new kagome material
Cu3Zn(OH)6FBr bestows us promising opportunity of
finding kagome QSL with Z2 topological order [25]. It
is obtained by replacing inter-kagome-layer Cu2+ ions
with Zn2+ ions in the barlowite Cu4(OH)6FBr [26, 27],
as shown by the crystal structure in the inset of Fig. 1a.
The antiferromagnetism in barlowite with TN ≈ 15K is
thus completely suppressed and the system is not mag-
netically ordered down to 50 mK, which is close to four
orders of magnitude lower than the antiferromagnetic
(AFM) Curie-Weiss temperature [25]. NMR measure-
ments suggest a spin gap of about 0.65 meV, and the
magnetic field dependence of the gap is consistent with
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FIG. 1: Neutron diffraction and heat capacity results.
a, Neutron powder diffraction intensities of Cu3Zn(OD)6FBr
for the S3 sample at 4 K (red dots) and calculated intensities
(black line). Short vertical green lines represents Bragg peak
positions. The blue line shows the difference between mea-
sured and calculated intensities. The star symbols indicate
unknown chemical impurity phase that is most likely created
due to different synthesis processes since they are not present
in samples S1 and S2 as shown by the room-temperature x-ray
diffraction measurements. The inset plots its nuclear struc-
ture. b, The specific heat of Cu4(OD)6FBr at 0 and 9 T. The
sold line of 0 T data is fitted by a gap function as described
in the main text. c, The specific heat of Cu3Zn(OD)6FBr at
0 and 9 T. The low-temperature upturns in b and c are due
to nuclear Schottky anomalies.
fractionalized S = 1/2 spinon excitations [25]. It is thus
crucial to see whether the S = 1 spin excitations are also
gapped to nail down the nature of the ground state of
Cu3Zn(OH)6FBr.
Polycrystalline Cu4(OD)6FBr and Cu3Zn(OD)6FBr
were synthesized by the hydrothermal method with a
mixture of Cu2(OD)2CO3, ZnF2, ZnBr2 and CuBr2
sealed in a reaction vessel with heavy water [28]. For
Cu3Zn(OD)6FBr, two sets of samples labeled with S1
and S2 were grown at 230 and 200 ◦C, respectively.
Another set of Cu3Zn(OD)6FBr labeled as S3 was also
grown by replacing basic copper carbonate with CuO.
These different growing conditions result in different con-
tents of residual interlayer Cu2+ ions. From now on,
we will use Cu4 and Cu3Zn to refer Cu4(OD)6FBr and
Cu3Zn(OD)6FBr, respectively. The heat capacity was
measured by a Physical Properties Measurement System
(PPMS, Quantum Design). Neutron diffraction pattern
was measured on the HB-2A diffractometer at HFIR,
USA with the wavelength of 2.4103 A˚. The INS exper-
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FIG. 2: Corlormaps of S(Q,ω) in a, Cu4(OD)6FBr (T = 1.4
K), b, Cu4(OD)6FBr (T = 40 K), c, Cu3Zn(OD)6FBr, S1 (T
= 1.4 K) and d, Cu3Zn(OD)6FBr, S2 (T = 0.5 K). The unit of
S(Q,ω) is arb. unit but the values can be directly compared
with each other since the intensities have been normalized.
The dispersion in d indicated by the arrow is due to the 4He
roton mode from the liquified Helium filled into the sample
can at room temperature.
iments were carried out on the TOFTOF spectrometer
at FRM-II, Germany and the Pelican spectrometer at
ANSTO, Australia with the incoming beam wavelength
of 5 and 4.69 A˚, respectively. The intensities of spin exci-
tations are normalized by the integration of Bragg peaks
in different INS experiments.
Figure 1a shows neutron powder diffraction data of
the S3 Cu3Zn sample at 4 K, which gives a hexago-
nal nuclear structure with P63/mmc space group that
is the same as that at room temperature [25]. The XRD
measurements at room temperature on S1 and S2 show
the same structure without impurities. This means that
Cu3Zn(OD)6FBr maintains the perfect kagome motif at
low temperature, which provide necessary frustration and
spin symmetry for the presence of the Z2 topological or-
der.
The specific heats of Cu4 are shown in Fig. 1b. The
values of C/T below about 1 K change little with mag-
netic fields and thus most likely come from phonons with
the form of C = αT 2 +βT 3. The specific heat at 0 T can
be thus fitted by a gap function (A/T )exp(−∆/T ) with
the gap value ∆ of about 1.1 meV, plus the above phonon
contribution, as shown in Fig. 1b. Figure 1c shows the
specific heat of Cu3Zn, where no magnetic order presents
down to 100 mK. The zero-field data are largely different
below about 2.5 K, but the values at 9 T are the same.
Figure 2 shows the neutron scattering function S(Q,ω)
for Cu4 and Cu3Zn. The backgrounds are subtracted
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FIG. 3: Constant-E cuts of S(Q,ω). The energies are
1.5, 1.25, 0.7 and 0.4 meV for a, b, c and d, respectively.
The data for Cu4, Cu3Zn-S1 and Cu3Zn-S2 are represented
by black squares, red circles and blue triangles, respectively.
The arrows in d indicate the peak positions that are similar
to those in Cu4 at higher energies. The temperatures for Cu4
and Cu3Zn-S1 are 1.4 K. The temperature for Cu3Zn-S2 is
3.7 K to avoid the contamination from the He4 excitations.
based on the principle of detailed balance by consider-
ing that the negative-energy-transfer parts at the lowest
temperatures are just backgrounds [20]. In barlowite,
the most prominent feature at low temperature is the
spin waves at low energies (Fig. 2a), including the dis-
persions at Q ≈ 0.65 and 1 A˚−1 and the band-top-like
excitations at E = 2.1 meV. TheQ values of these two po-
sitions correspond to the AFM arrangements of interlayer
spins vertical to and within the hexagonal planes (note
that the actual lattice are orthorhombic) [28]. Above 2.3
meV, there are still some excitations that are beyond the
range of our measurements, which may come from the
partially ordered kagome spins [28, 29]. At 40 K, the
dominant feature is the damped excitations at small Q
as shown in Fig. 2b. This suggests that the spin waves at
low temperatures are three dimensional and should not
be associated with the large superexchanges within the
kagome planes. These results are consistent with previ-
ous neutron diffraction results, which have shown that
the AF order moments in barlowite mainly come from
the interlayer Cu2+ [28, 29]. Contrary to the barlowite,
only spin continuum are observed in Cu3Zn down to the
lowest temperatures measured regardless of the content
of the residual interlayer Cu2+ ions, as shown in Fig. 2c
and 2d.
To further understand the evolution of spin excitations
with the Zn substitution, we compare the constant-E
cuts of S(Q,ω) in Figure 3. At energies above 1 meV, the
peaks from spin waves can be clearly seen in barlowite
at low temperatures, as shown in Fig. 3a and 3b. At
the same energies, the spin excitations in both Cu3Zn
samples are similar and only show a broad hump around
1.25 A˚−1. Considering that our sample is polycrystalline
and there is no L-dependence for spin excitations, our
results are consistent with those in herbertsmithite [21].
At lower energies, the spin excitations in Cu4 becomes
much weaker (Fig. 3c and 3d). Surprisingly, although
there is no long-range AF order in Cu3Zn, part of the
spin excitations resemble the spin waves in barlowite as
illustrated by the two peaks in Fig. 3d. This means
that interlayer spins in Cu3Zn maintain the AFM ar-
rangements in Cu4, which suggests that the interlayer
Cu2+ ions should not randomly distribute but rather like
to accumulate together in the form of small clusters or
chains. This is consistent with the observation that the
short-ranged AFM order may survive up to 80% of Zn
substitution [28]. The reason is probably because Cu2+
and Zn2+ ions like to occupy different interlayer positions
[28].
We start the discussions of our results from the spin
excitations above 1 meV but below 2 meV. According to
Fig. 3a and 3b, the difference of Zn content has little
effect on spin excitations of Cu3Zn in this region. In-
terestingly, the S(Q,ω) of Cu3Zn can be even treated
as the background of the spin waves in Cu4, which sug-
gests that even in barlowite, the low-energy spin dynam-
ics within the kagome planes is not significantly affected
by the interlayer Cu2+ ions although the kagome planes
are slightly distorted at low temperatures [28]. This is
consistent with the previous suggestion that the system
maintains many features that may be associated with the
spin-liquids physics [28, 30]. It is particularly interesting
that the spin waves in Cu4 show a very large spin gap
compared to the band top. This can be explained by the
coupling between the spins of the interlayer Cu2+ ions
and those within the kagome planes because the three-
dimensional AF order for the former can only be formed
by involving the latter [28, 29], whose spin excitations
are gapped (Fig. 2a).
The above scenario is further supported by the re-
sults of low-energy spin excitations and specific heats.
In Cu3Zn, the low-energy spin excitations from the in-
terlayer Cu2+ ions are gapless since the long-range AF
order disappears and the interlayer spins can interact
with each other without the need to involve the spins
in the kagome players. We may quantitatively compare
the INS and specific heat results. The ratio of the inte-
grated S(Q,ω) for Q < 1.5 A˚−1 and E < 1 meV between
sample S1 and S2 is about 1.8. Since the superexchange
couplings between interlayer spins are much smaller than
those within the kagome layers, this part should be much
sensitive to the magnetic field. Indeed, the ratio of en-
tropy difference between 0 and 9 T below 4 K for the two
Cu3Zn samples is about 2.
Our results provide concrete evidences for gapped spin
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FIG. 4: Spin gap in Cu3Zn(OD)6FBr. a, Constant-Q
cuts at 1.975 A˚−1 for Cu3Zn. The difference between the cut
of S1 and that of S2 is shown as the blue triangles. b, Energy
dependence of S(Q,ω)kag at 1.075 (black squares) and 1.975
(red circles) A˚−1 for Cu3Zn. The solid lines are the fitted
results by A(1+tanh(E−∆
Γ
)) [24], where Γ is fixed to 0.2 meV.
c, Energy dependence of S(Q,ω) at 1.075 (black squares) and
1.975 (red circles) A˚−1 for Cu4. The solid lines are fitted as
in b. d, Q dependence of spin gap in Cu4 (black squares)
and Cu3Zn (red circles). The dashed lines are guided to the
eyes. The error bars are from the fitting. For Cu3Zn, the data
below 5 K have all been considered to avoid the influence from
the helium roton.
excitations of the two-dimensional kagome antiferromag-
net in Cu4−xZnx(OH)6FBr, which seems to show no sig-
nificant change with the substitution of Zn. It is reason-
able to assume that the only difference of spin excitations
from interlayer spins between S1 and S2 is their intensi-
ties, i.e., the different contents of interlayer Cu2+ ions do
not affect the momentum and energy dependence of their
S(Q,ω)int. Since the total intensity S(Q,ω) is the sum of
the kagome intensity S(Q,ω)kag and S(Q,ω)int, it can be
easily shown that S(Q,ω)kag = S(Q,ω)
S2 - (S(Q,ω)S1-
S(Q,ω)S2) because the number of interlayer spins in S1
is about twice of that in S2. Figure 4a shows an exam-
ple of this process and Figure 4b further provides how to
obtain gap values from these results. For the barlowite,
the gap values can be directly derived from the S(Q,ω)
as shown in Fig. 4c. Figure 4d shows the Q dependence
of the gap values in both Cu4 and Cu3Zn. While the for-
mer shows little Q-dependence, the latter seems to have a
minimum at Q ∼ 1 A˚−1. The gap values in Cu4 are con-
sistent with that determined from the specific heat data
as discussed above. For Cu3Zn, S(Q,ω)kag becomes too
weak for Q < 0.9 A˚−1 to determine the gap value. It
is also not clear whether the minimum of the gap is an
artificial effect due to much stronger contribution from
the interlayer spins around Q = 1 A˚−1 or the gap is in-
deed lifted in Cu4 due to the interactions between the
interlayer and kagome spins. However, these do not alter
the fact that the low-energy spin excitations within the
kagome planes are gapped and robust against interlayer
magnetic impurities.
It is interesting to compare our results with the spinon
gap value measured by NMR [25]. Since neutron scat-
tering technique can only detect S = 1 spin excita-
tions, which come from the convolution of two S = 1/2
spinon excitations in a Z2 spin liquid, one may argue
that ∆S=1 ≈ 2∆S=1/2. The minimum gap value in this
work is about 0.5 meV near Q = 0.94 A˚−1, which corre-
sponds to Q = (1,0,0) in the single crystal. It has been
shown in herbertsmithite that the high-energy spin ex-
citations have a periodicity twice of that for the lattice
[21], so it is reasonably to assume that the gap value at
Q = 0 is the same as that in Q = 1.9 A˚−1 as shown by
the red dashed line in Fig. 4d, which is about 1.1 meV.
This value is about twice of that determined in the NMR
experiment where the Knight shift only detects the uni-
form magnetic susceptibility at Q = 0 [25]. These results
clearly suggest that the ground state of Cu3Zn(OH)6FBr
is a two-dimensional quantum QSL with Z2 topological
order, and bring us one step further to understand its
exotic properties.
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